Additionally, to test whether endoplasmic reticulum (ER) stress can also induce RNA editing, we 2 7 3 treated the cells with Thapsigargin (Tg). Tg induces ER stress by raising intracellular calcium 2 7 4 levels and lowers the ER calcium levels by specifically inhibiting the endoplasmic reticulum Ca ++ 2 7 5
ATPase [35, 36] , resulting in the accumulation of unfolded proteins and an increased 2 7 6 accumulation eIF-2α phosphorylated at Ser 51 ( Figs. 1c and 3b) . To test the effect of hypoxic 2 7 7 stress alone on HuT78 cells, we reduced the cell density to avoid cellular crowding and cultured 2 7 8 the cells at an intermediate density of 0.5x10 6 cells per 500 µl per well in 24 well plates with or 2 7 9 without the chemical inhibitors in normoxia, and hypoxia alone for one or two days. Under these 2 8 0 conditions, we determined RNA editing level and the stabilization of HIF-1α in these cells. We 2 8 1 observed that RNA editing is mildly induced in cells treated with MXT and by hypoxia alone on 2 8 2 day 1, at approximately 10% and 5% levels, respectively (Fig. 4b ). RNA editing levels increased 2 8 3 to approximately 30% in cells treated with MXT, AtA5 or hypoxia alone on day 2. Treatment of 2 8 4 cells with Tg did not induce RNA editing (Fig. 4b ). Furthermore, HIF-1α was stabilized only 2 8 5 when the cells were subjected to hypoxia but not in normoxia in the presence or absence of the 2 8 6 mitochondrial inhibitors (Fig. 4c ). These results suggest that RNA editing induced by hypoxic 2 8 7 stress at a high cell density is triggered by mitochondrial respiratory inhibition and occurs 2 8 8 independently of the stabilization of HIF-1α as well as the ER stress response. 2 8 9
Although the A3G expression data did not include the NK-92 lymphoma cell line in the 2 9 0 CCLE database, given its similar characteristics to primary NK cells and the convenience of 2 9 1 culturing NK-92 cells as compared with primary NK cells, we tested the induction of RNA editing 2 9 2 in NK-92 cells. We treated NK-92 cells with normoxia with or without the mitochondrial 2 9 3 inhibitors (AtA5 or MXT) or hypoxia alone at intermediate density in 24 well plates for 2 days. 2 9 4
Interestingly, RNA editing was induced by the inhibition of mitochondrial respiration (~25%), but 2 9 5 only slightly by hypoxia treatment (Fig. 4d ) in NK-92 cells. The reason behind the difference in 2 9 6 1 3 hypoxia induced RNA editing level of HuT78 and NK-92 cells may be due to metabolic 2 9 7 differences between the two cell lines. However, the induction of A3G-mediated RNA editing 2 9 8 due to mitochondrial respiratory stress in NK-92 cells provides a model system and an 2 9 9 opportunity for further functional studies. 3 0 0 APOBEC3G promotes Warburg-like metabolic remodeling and suppresses proliferation 3 0 1 under stress 3 0 2
We have previously identified SDHB and SDHA mitochondrial complex II subunits as 3 0 3 targets of A3A-mediated RNA editing in hypoxic monocytes [15] . In the current study, we find 3 0 4 that A3G non-synonymously edits several mitochondrial genes' RNAs including TUFM, HADHA, 3 0 5 HSD17B10 and PHB2 in hypoxic NK cells ( Fig. 2a ). Thus we hypothesized that hypoxic stress-3 0 6 induced RNA editing by A3G alters mitochondrial function. 3 0 7 3 0 8
To test the role of A3G on bioenergetics in response to high cell density and hypoxic 3 0 9 stress, we measured the metabolic profile of WT and KD HuT78 cells using the Seahorse 3 1 0 platform. We performed the mitochondrial and the glycolytic stress tests to measure the oxygen 3 1 1 consumption rate, representative of basal respiration and the extracellular acidification rate, 3 1 2 representative of glycolysis in cells cultured at a high density in three separate experiments ( Fig.  3  1  3 5a). We have presented metabolic alterations as respiration-to-glycolysis ratio (R/G) both in 3 1 4 unstressed (T0) and stressed cells ( Fig. 5b ). As expected, cell stress caused by high cell 3 1 5 density reduced R/G ratio in each experiment relative to unstressed T0 cells, indicating a 3 1 6 decrease in respiration relative to glycolysis. However, R/G ratios decreased to a lesser extent 3 1 7 under stress in A3G KD, relative to WT HuT78 cells, indicating that A3G plays a role in reducing 3 1 8 mitochondrial respiration relative to glycolysis under hypoxic stress caused by high cell density 3 1 9 ( Fig. 5b ). 3 2 0 1 4
Hypoxic stress can suppress translation and lead to growth arrest by inhibiting cell cycle 3 2 1 progression in non-transformed cells or by promoting apoptosis by the p53 pathway in 3 2 2 transformed cells [29, 37] . To examine the role of A3G on cellular proliferation under stress, we 3 2 3 measured the proliferation of the WT and KD HuT78 cells when cultured at a high density for 22 3 2 4 hours followed by 'recovery period' by culturing these stressed cells at a low density for another 3 2 5 48 hours. The fraction of viable cells reduced in WT, but increased in A3G-KD HuT78 cells 3 2 6 during 22 hours of stress ( Fig. 5c ) (mean±SEM=0.653±0.197 versus 1.277± 0.151; n=3), 3 2 7
indicating that A3G-KD HuT78 cells proliferated more under high density culture conditions. 3 2 8
However, the number of viable cells in WT and A3G-KD HuT78 cells did not show any 3 2 9 difference at 48 hours after recovery from stress when cultured under non-stress conditions 3 3 0 ( Fig. 5c ). These results suggest that hypoxic stress in lymphoma cells suppresses proliferation 3 3 1 in vitro and that A3G plays an important role in this suppression. 3 3 2 Discussion 3 3 3
In this study we find that A3G edits scores of RNAs in NK cells and CD8+ T lymphocytes 3 3 4
as well as lymphoma cell lines, when cultured at a high density and hypoxia. A3G-mediated 3 3 5 site-specific RNA editing is triggered by the inhibition of mitochondrial respiration, and targets 3 3 6 the mRNAs of many ribosomal and translational genes resulting in non-synonymous changes. 3 3 7 A3G reduces mitochondrial respiration relative to glycolysis, and suppresses cell proliferation 3 3 8 under stress in transformed lymphoma cells (Fig. 6 ). These results identify A3G cytidine 3 3 9 deaminase as the third endogenous C>U RNA editing enzyme in mammals and together with 3 4 0 A3A in myeloid cells, defines a new functional category of RNA editing enzymes that are active 3 4 1 in immune cells. In addition, our findings uncover a previously unrecognized gene regulation 3 4 2 mechanism in NK and CD8+ T cells that is induced by hypoxic stress. 3 4 3 1 5
There are two major differences in A3-mediated RNA editing and ADAR-and APOBEC1-3 4 4 mediated editing. First, A3-mediated RNA editing is induced upon hypoxic stress (A3A and 3 4 5 A3G) or by IFNs (A3A), while it is essentially absent or rare in baseline unstressed immune cells 3 4 6
[15] (Fig. 1d ). In contrast, ADAR and APOBEC1-mediated RNA editing events occur in baseline 3 4 7 unstimulated cells [38] [39] [40] . Second, A3-mediated RNA editing events occur in exonic coding 3 4 8 regions of genes as commonly as in UTRs [15] ( Fig. 2c ), whereas ADAR-and APOBEC1-3 4 9 mediated RNA editing events preferentially occur in UTRs, where they are at least an order of 3 5 0 magnitude more frequent relative to coding exons [38] [39] [40] . Together, these findings suggest that 3 5 1 A3-mediated RNA editing plays a role in response to certain cell stress by altering protein 3 5 2 function.
5 3
A recurrent theme in many types of cell stress responses, including ER and mitochondrial 3 5 4 unfolded protein stress response generally caused by heat shock, nutrient deprivation, hypoxia 3 5 5 or DNA damage, is the regulation of gene expression. This is achieved by the general 3 5 6 suppression or reprogramming of translation to promote recovery from stress or cell death [30, 3 5 7 41]. The highest level of RNA editing resulting in a non-synonymous change is observed in 3 5 8 EIF3I in hypoxic NK cells. EIF3I encodes a subunit of EIF3, the most complex translation 3 5 9 initiation factor comprised of 13 subunits in mammals, which is involved in all molecular aspects 3 6 0 of translation initiation. The EIF3 complex has been implicated in the translation of mRNAs 3 6 1 important for cell growth [42] and mitochondrial respiration [43] , and its subunits are 3 6 2 overexpressed in multiple cancers [44] . Interestingly, EIF3I was previously shown to have 3 6 3 decreased protein synthesis in cold-stressed mammalian cells, implying its important role in 3 6 4 stress response and recovery [45] . Consistent with these reports, we find that the knockdown of 3 6 5 A3G in HuT78 lymphoma cells reduces the predicted deleterious RNA editing of EIF3I in 3 6 6 association with reduced mitochondrial respiration and cell proliferation (Additional file 5; Table  3 6 7 S4) during hypoxic stress. Thus, our findings suggest that A3G promotes hypoxic stress 3 6 8 1 6
responses via RNA editing of EIF3I, ribosomal/translational genes and possibly other stress-3 6 9 related genes. 3 7 0
Cancer cells switch to aerobic glycolysis even in the presence of a functional 3 7 1 mitochondria and this phenomenon is termed the 'Warburg effect'. However, the function of 3 7 2
Warburg effect in tumor growth, proliferation and support of cellular biosynthetic programs is still We also find that RNA editing by A3G can be induced by normoxic inhibition of 3 8 6 mitochondrial respiration and occurs independently of HIF-1α stabilization (Fig. 4) , in a manner 3 8 7 similar to the regulation of A3A-mediated RNA editing in monocytes [34] . Earlier studies have 3 8 8
shown that the inhibition of mitochondrial respiration antagonizes the stabilization of HIF-1α in 3 8 9
hypoxia [49] . Despite the lack of HIF-1α stabilization, however, we find that mitochondrial 3 9 0 respiratory inhibition mimics hypoxia and induces RNA editing by A3G. Thus, A3G-mediated 3 9 1 RNA editing joins a growing number of hypoxia-induced responses that can be mimicked by the This study shows the endogenous inducible site-specific RNA editing activity of the A3G cytidine 4 2 2 deaminase, the most studied member of the APOBEC3 family, and suggests its physiological 4 2 3 function in human immune and transformed cells. Widespread RNA editing by A3G can facilitate 4 2 4 cellular adaptation to hypoxic cell stress triggered by mitochondrial respiratory inhibition in 4 2 5 primary cytotoxic lymphocytes and lymphoma cell lines. A3G is the third endogenous C>U RNA 4 2 6 editing enzyme to be identified in mammals. In addition, our study uncovers a novel 4 2 7 epitranscriptomic gene regulation mechanism in cytotoxic lymphocytes, specifically NK cells. structure where the edited C is at the 3'-end of a putative tri-or tetra loop which is flanked by a 4 9 2 stem that was at least 2 base pair long when base complementarity was perfect, or at least 4 4 9 3 base pair long when complementarity was imperfect by 1 nucleotide mismatch or 1 nucleotide 4 9 4
bulging. This stringent manual filter reduced the number of edited sites to 122 (Additional file 2; 4 9 5 Table S1 ). 4 9 6 4 9 7
RNASeq differential expression analysis 4 9 8
Raw counts for each gene were generated using HTSeq [62] with intersection_strict mode. Essential medium without ribonucleosides and deoxyribonucleosides (Life Technologies) but 5 1 4 with 2 mM L-glutamine and 1.5 g/L sodium bicarbonate as well as 0.2 mM inositol, 0.1 mM 2-5 1 5 mercaptoethanol, 0.02 mM folic acid, 500 U/ml IL-2 (Aldesleukin -a kind gift from Novartis), 5 1 6 2 2 12.5% horse serum (ATCC) and 12.5% FBS. Peripheral blood mononuclear cells (PBMCs) of 5 1 7 anonymous platelet donors were isolated from peripheral blood in Trima Accel™ leukoreduction 5 1 8 system chambers (Terumo BCT) in accordance with an institutional review board-approved 5 1 9 protocol, as described earlier [15] , in RPMI-1640 medium (Mediatech) with 10% FBS, 100 U/ml 5 2 0 penicillin and 100 µg/ml streptomycin (Mediatech). NK, CD4+ and CD8+ cells were isolated 5 2 1 from PBMCs (cultured at 5x10 7 in 1.8 ml per well in 12 well plates) by immunomagnetic negative 5 2 2 selection using the EasySep™ Human NK Cell Isolation Kit (Stemcell Technologies, catalog # 5 2 3 17955), EasySep™ Human CD4+ Cell Isolation Kit (Stemcell Technologies, catalog # 17952) 5 2 4
and EasySep™ Human CD8+ Cell Isolation Kit (Stemcell Technologies, catalog # 17953), 5 2 5 respectively, following the manufacturer's instructions. Enrichment for NK cells was > 90% 5 2 6 (Additional file 1; Figure S8 ) and that of CD4+ and CD8+ was >99%, as verified by flow 5 2 7 cytometry. 5 2 8 5 2 9
Cell stress and inhibitor treatment 5 3 0
For cell crowding experiments, the HuT78 cells were cultured at a density of 0.5-1x10 6 cells per 5 3 1 100 µl per well in 96 well plates for 22-24 hours at 37° C. 5 3 2
For hypoxia treatment, PBMCs were cultured at a density of 5x10 7 in 1.8 ml per well in 12 well 5 3 3 plates under 1% O 2 , 5% CO 2 and 94% N 2 in an Xvivo™ System (Biospherix) for 40 hours. 5 3 4
Following culture, NK, CD4+ and CD8+ cells were separated as mentioned above. In case of 5 3 5
HuT78, the cells were cultured in the hypoxia chamber for 24 or 40 hours at a density of 1x10 6 5 3 6 cells per ml in 6 well plates. 5 3 7
For testing the mitochondrial inhibitors, HuT78 and NK-92 cells were cultured at 0.5x10 6 cells 5 3 8 per 0.5 ml in 24 well plates in normoxia with or without AtA5 and MXT or hypoxia alone for 2 5 3 9 days at 37 ⁰ C. 5 4 0 2 3
Human IFN-γ was obtained from PeproTech and used at a concentration of 50 ng/ml. AtA5 5 4 1 (Cayman chemical #11898) and MXT (Sigma Aldrich #T5580) was used at a concentration of 1 5 4 2 µM. 5 4 3 5 4 4 Extracellular Flux Assays 5 4 5
HuT78 cells (scramble WT and KD) were plated in 96-well plates at a density of 0.5 or 1x10 6 in 5 4 6 100 µl per well (total 3x10 6 cells) and incubated for 22-24 hours at 37° C. The cells were 5 4 7 harvested and washed with PBS and re-counted on a hemocytometer (INCYTO C-Chip). Half of 5 4 8 
